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Abstract. The emergence of an intertial midge was in¬ 
vestigated at a site on the coast of the Inland Sea of Japan. 
The population emerging at this site was drawn from a 
single species of the genus Clunio. probably C. tsushi- 
mensis . Emergence was not synchronized with the day- 
night cycle, but with the tidal cycle. Moreover, the pattern 
of synchrony changed with season. A bimodal phase ap¬ 
peared in midwinter; but the pattern of synchrony shifted 
gradually, during January and February, from morning 
low tides to afternoon low tides, and a unimodal phase 
appeared in March. This pattern— i.e., synchrony with 
afternoon low tides—lasted until early October. In mid- 
October, the synchrony shifted to the morning low tides. 
Only a brief bimodal phase appeared in autumn. The 
phase modality was clearly correlated with the height of 
tides; i.e,, when the low waters in a day were very different 
in height, emergence was synchronized only with the lower 
one (April to December). During January and February, 
the higher low tide, as well as the lower low tide, recedes 
considerably. The exposure of the larval habitat at the 
higher low tide may stimulate emergence, resulting in bi¬ 
modal phases in midwinter. But the unimodal pattern in 
March cannot be accounted for by a simple synchrony 
with lower low tide, or with exposure of the larval habitat 
to the air; the day-night cycle not only would be one of 
the zeitgebers of the tidal rhythm in every season, but also 
must participate in the expression of the unimodal phase 
in spring. Furthermore, the number of midges that 
emerged each day fluctuated with a semilunar cycle with 
the season. The phase of this rhythm would be shifted by 
water temperature. 

Introduction 

Tidal and semilunar rhythms of reproductive activity 
have been reported in many intertidal and estuarine or- 
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ganisms (e.g.. see Korringa, 1947; Hauenschild, 1960; 
DeCoursey, 1983; Pearse, 1990). Marine midges of the 
genus Clunio are among such animals. The imagines 
emerge around the full and new moons, find the time of 
daily emergence corresponds to that ol low tides at the 
habitat (Caspers, 1951; Koskinen, 1968; Hashimoto, 1976; 
Neumann, 1966; 1976; 1987). But in most of the species 
observed, cclosion occurs in a very short period, i.e., at 
most the 4-5 days bracketing the full and new moons. In 
these cases, therefore, the rhythm underlying the observed 
events in the field— i.e., daily or tidal—was not clear. 

The circadian rhythm of terrestrial animals exhibits at 
least two essential and distinctive characteristics: (1) a free- 
running period approximating the 24-h day-night cycle; 
and (2) synchrony with the local light-dark cycle (and 
sometimes with 24-h temperature cycles, too). But in ma¬ 
rine organisms, such characteristics are not sufficient evi¬ 
dence of a circadian rhythm. For example, the circatidal 
rhythm of larval release in a few semiterrestrial crabs is 
surely entrained by 24-h, light-dark cycles (Saigusa, 1986; 
1992). We supposed that the emergence rhythm of Clunio 
might be similarly timed. As the first step in testing this 
hypothesis, the rhythm was examined in the field. 

A further problem in tidal rhythm research is the re¬ 
lationship between the modulation of the tidal amplitude 
and the modality of the phase. In some of the oceans in 
the world, there arc two high (or low) tides, of approxi¬ 
mately equal height, per day, at intervals of about 12.4 h. 
But in the Pacific Ocean, the two high and low tides on 
a given day often show very different heights, and they 
recur at asymmetrical intervals (see Saigusa, 1985). En¬ 
right (1963) reported a circatidal rhythm of swimming in 
freshly collected specimens of the sand-beach amphipod 
Svnchelidium sp. A feature of this rhythm was that the 
relative amplitudes of activity peaks seemed to reflect 
contemporary tidal amplitudes. An isopod, Kxcirolana 
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Figure 1 . GO The sile of emergence of the Clunio population studied (arrow). The Inland Sea is situated 
between Honshu and Shikoku (shown by the diagonal lines). As its east and west sides are open to the Pacific 
Ocean through the straits, the salinity is not greatly reduced, averaging 28-29 ppt through the year. {B) 
Recently emerged male and female imagines shown mating. The pupal eclosion of the female is completed 
with the assistance of the male. As soon as he has stripped off the female's pupal skin, the male runs or Hies 
carrying the female in the mating position shown in this figure. (C) The nylon net used to catch Hying 
midges. Since many midges ily on the water film, the sampling was carried out with the net touching the 
water. (D) Antenna and wing venation of a male Clunio studied: a. the third segment; b , adjoining seven 
small segments; c, the ultimate segment; d , length of the wing; c, width of the length. See the text for the 
antennal and wing indices. 


chiltotii, inhabiting a similar environment exhibited a 
similar activity rhythm (Enright, 1972). 

Tidal amplitudes vary with the season. Thus, if the ac¬ 
tivity of an organism is correlated with tidal amplitude, 
then the pattern of the rhythm must also vary with the 
season. We have already reported on the swimming ac¬ 
tivity rhythm of the sublittoral crustacean Dimorphostylis 
asiatica , whose pattern was modified seasonally (Akiyama 
and Yoshida, 1990). The midge Clunio is also an appro¬ 
priate animal with which to investigate this problem, be¬ 
cause emergence occurs in every season. Oka and Hashi- 
moto (1959) reported a seasonal change in daily emer¬ 
gence in Clunio tsushimensis . But their data were only 
qualitative (see also Hashimoto, 1976) so it was not clear 
whether the daily timing of emergence is correlated with 


modulations of tidal amplitude or with other seasonal 
factors, such as the ratio of day-night length or the fluc¬ 
tuation of water temperature. 

An additional problem is the uncertain classification 
of the genus of midges and the distribution of species 
along Japanese seacoasts. Hashimoto (1969, 1976) re¬ 
ported a sympatric species, C. aquilonius , whose mor¬ 
phology is quite similar to that of C. tsushimensis. So we 
had to identify the species whose imagines were emerging 
in our study area along the shoreline of the.Inland Sea. 

Materials and Methods 

Col led ions of fly it ig m iclges 

Field investigations were carried out on the coast of 
the Inland Sea of Japan, Okayama Prefecture (Fig. 1 A); 
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the exact site was the rocky seashore in front of the Ushi- 
mado Marine Laboratory. The Inland Sea is bounded to 
the south by Shikoku and is connected to the Pacific 
Ocean through straits at both sides of Shikoku. Thus, 
heavy waves do not roll ashore except when there are 
strong winds. The tidal amplitude varies between — 15 cm 
(minimum level of low waters in the tide table published 
by the Japan Meteorological Agency) and 260 cm (maxi¬ 
mum in high waters) during the year. The tidal pattern 
is semidiurnal, but morning low waters recede much fur¬ 
ther than afternoon low waters in winter, and the pattern 
is reversed in summer. 

Male imagines fly or swarm immediately after eclosion. 
They are most abundant within a narrow area—a strip 
about 3-4 m wide along the water line of the rocky shore. 
Outside this narrow strip, the number of flies rapidly de¬ 
creases. The emerged males scurry about on the rocks or 
stones while vigorously vibrating their wings or they skim 
rapidly over the water. When the male finds a female 
pupa, he strips off her pupal cuticle and copulates with 
her. The female (Fig. IB) soon lays eggs on the rocky 
substrate. The females arc always much less numerous 
than the males—less than 10% of the males emerging at 
the same time. In any event, when the tide starts to rise, 
the emerged adult midges all die. 

We collected the adult males by sweeping the surface 
of the water with a nylon net (Fig. !C). At the beginning 
of the emergence, the midges were seen only on the surface 
of the water, but around the time of low tide, large num¬ 
bers of males were seen on the rocks as well as on the 
water surface. But it was hard to collect them on the rocks 
without some type of suction device, so the surface water 
was scooped up to capture the midges skimming over the 
water. 

The sweeping was carried out on the rocks for 5 min 
every 30 min: the sampling range was 1-1.5 m along the 
water’s edge (220-240 strokes per 5-min sampling period). 
Most emergence occurred within the 4-5 h surrounding 
the time of low' water, and the water receded, at most, 
50 cm during the period, i.c., the time between the start 
and end of emergence. Therefore, we were not required 
to move the collection site frequently as the tide declined; 
we always swept only two rocks that differed by about 
50 cm in height. The samples were quickly brought to the 
laboratory and transferred to a pail containing warm water 
(20-30°C). The midges rose to the surface of this water 
and were picked up with a forceps and counted. 

We needed to determine whether the midges emerge 
and fly at the time of high tides as well as low. In the 
daytime, flying midges can be seen from the shore, but if 
only a few specimens were flying on the water surface, we 
might overlook them, especially at night. To eliminate 
this possibility, we used a light for some collections. Like 
other insects, marine midges are attracted to light at night. 


The light (180 W) was placed at the edge of a floating pier 
(5-6 m long), and the midges that swarmed around this 
spot were collected by sweeping only two strokes with the 
net. This method—collection under the light—was used 
only for the initial and preliminary observations, and the 
resulting data about emergence at high tide are only in 
Figure 4A. All other data were obtained by sweeping 
without lighting. 

Investigations of the larval habitat 

The habitat of the larvae with respect to the level of 
tides was examined. While the tide was ebbing, the algae 
growing on the rock were taken along with their associated 
sand or mud. These substrata (36 cm 2 ) were removed from 
various heights within the intertidal zone and transferred, 
in the laboratory, to a vessel containing seawater. When 
the vessel was shaken by hand, most larvae escaped from 
the nest tubes buried in the sand or mud. Each larva was 
picked up by forceps and counted. These samples were 
taken on 21 and 31 March 1991. 

Identification of the species emerging 

The taxonomic classification of the genus Clunio is not 
easy because definitive morphological differences dre 
lacking. Hashimoto (1969) reported a sympatric species, 
C. acptilonius, that is extremely similar to C. tsushimensis 
and also occurs along the coasts of Japan. The two species 
can be distinguished on the basis of three morphological 
properties: antennal index, wing index, and body length. 
The antennal index is determined on the 11-segmented 
antennae of the male: i.e.. the ratio of the length of the 
ultimate segment (c) to the length of the 3rd to 10th seg¬ 
ments (a + b) (Fig. ID). The wing index is the ratio of 
the width (c) to the length (d) of the wing (Fig. ID, and 
Hashimoto, 1968, 1969). 

It was critical for us to determine whether both species 
are sympatric along the coasts of the Inland Sea, because 
different species might emerge during the day and night. 
Therefore, specimens were compared under a stereomi¬ 
croscope, not only for the characters described by Ha¬ 
shimoto (1968, 1969), but also for their emergence during 
morning and afternoon low tides. 

Results 

Morphology of the Inland Sea population 
and larval habitat 

To determine whether a single species of Clunio emerges 
during both the morning and evening low tides, we com¬ 
pared the antennal and wing indexes and the body length 
of specimens collected at those times. As shown in Figure 
2A, the distribution of the antennal index (Al) was almost 
the same whether the specimens were collected at morning 
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Figure 2. Comparison of the distribution of antennal index (Al). wing index (WI), and body length (BL) 
among the male Clunio population. Date of collection: 30 March 1991. Solid lines: specimens collected al 
the afternoon low water. Broken lines: those collected at the morning low' water. Total number of the 
specimens measured: about 250 individuals at each tide. 


low tides (mean 0.83) or afternoon low tides (mean 0.85). 
The wing index (WI) was also much the same (mean 0.49 
and 0.48, respectively) among the two groups (Fig. 2B). 
Furthermore, as shown in Figure 2C, the mean body 
length (BL) was also much the same for specimens emerg¬ 
ing in morning and afternoon (2.43 mm and 2.37 mm, 
respectively). The lack of a clear difference between the 
specimens collected at the morning and afternoon low 
waters suggests that the population of Clunio emerging 
in this location is a single species. 

Figure 3 summarizes the distribution of the larvae with 
respect to the tidal height. The larvae of Clunio preferred 
the thin, feltlike substratum found in shallow hollows on 
the rocks; this substratum consisted of filiform green algae 
and sandy mud. The highest larval densities were recorded 
at 70-110 cm, and the fewest larvae were at the sites lower 
than 50 cm. 

On this rocky shore (Fig. 1A), Spaniotoma nemalione 
(Subfamily Orthocladinae) was also abundant in March. 
Imagines of this species were easily distinguished from 
those of Clunio: their bodies were much slimmer, they 
had a different swarming site (i.e., above oysters exposed 
to the air), and their way of flying was different. Although 
we could not specifically identify the larvae of this species, 
the difference in the swarming site would suggest that 
Spaniotoma larvae were not mixed in the substrata 
samples. 

Tidal rhythm of emergence and its pattern in winter 

To determine the relationship between the timing of 
emergence and the tidal cycles, collections were made 


through the night. As shown in Figure 4A, emergence 
did not occur at the time of high tide. Emergence and 
swarming started a few' hours before the time of low 
tide and had ceased by 3-5 hours after. The pattern of 
emergence was clearly that of a tidal rhythm, and not 
that of a daily rhythm. Another feature of this emer¬ 
gence rhythm is the semilunar timing; i.e., the fluctu¬ 
ation in the number of midges emerging every day is 
correlated with the lunar cycle. But the peaks of the 
semilunar rhythm did not accurately coincide with the 
days of full and new' moons; in the data of Figure 4A, 
they occurred a few days before the full and new moons, 
respectively (see also Fig. 7b). 

Figure 4B indicates the time of emergence from January 
to February. Emergence is clearly synchronized with the 
low tides. Moreover, the phase of the tidal rhythm is bi- 
modal; i.e., the timing is clearly synchronized with both 
of the low tides that occur each day. A further aspect of 
this rhythm is a modulation of the tidal synchrony. As 
noticed from the data of the first 17 days (i.e., 9-25 Jan¬ 
uary), the midges emerging during the afternoon low tides 
arc outnumbered by those emerging during the morning 
low tides. During the next 14 days (26 January-8 Feb¬ 
ruary), the number of midges emerging in synchrony with 
the morning low tides is about equivalent to the number 
emerging during the evening low tides. During the fol¬ 
lowing 20 days in February (Figs. 4B and 5A), the midges 
emerging at the morning low' tides are outnumbered by 
those emerging at the afternoon low tides. 

The pattern of emergence in spring and summer 

In March, the synchrony with the afternoon low waters 
is remarkable. As shown in Figure 5A, very few midges 
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Figure 3. Relationship between the tidal height and the density of 
the larvae. Thick horizontal bars indicate the mean of the number of 
the larvae at each height: the error bars show the standard deviations: 
74 samples were collected. HU'I, ltU’2 and LWl. /. M 2 show the two 
high and low tides about the time of sampling, respectively. The height 
is based on the data in the tide table published b> the Japan Meterological 
Agenc>. 


emerged in synchrony with the morning low tides (sec 
the morning on 13, 14, 16, 17, and 27-30 March); a great 
majority of the animals were collected during the after¬ 
noon low tides. Another feature is that the number of 
midges emerging in March and April increased drastically 
with respect to the population observed in January and 
February (compare the data of Fig. 7b and 7c). 

After April, the timing in synchrony with the early 
morning low tides completely disappeared. Therefore, the 
tidal rhythm clearly shows a unimodal phase (Fig. 5A and 
5B). Although field observations were not made frequently 
during the early morning low tides from May to Septem¬ 
ber, it is clear that no midges emerged at these times; 
rather all midges emerged during the midday and after¬ 
noon low tides (Fig. 5B, 5C, and unpub. data). Compar¬ 
ison of the rhythmic patterns shown in Figure 5, A-D 
demonstrates that the time of emergence advances from 
spring to summer, with respect to the 24-h day-night cycle. 
In Figure 5A, emergence was observed around sunset; 
i.e., 1600-2100 in early March, 1400-2000 around the 
new moon on 16 March, and 1300-1800 around the full 
moon on 30 March. In April and May (Fig. 5B), emer¬ 


gence occurs between noon and sunset. It advances a few 
hours further in June and July, when most midges ap¬ 
peared between 1000 and 1600 (Fig. 5C). In August and 
September, emergence occurs at midday (Fig. 5D). In ev¬ 
ery case, the daily timing of emergence is clearly syn¬ 
chronized w ith the times of low tides. If w e w ere to assume 
a circadian rhythm underlying the Clunio emergence 
rhythm, then we would have to consider a drastic phase- 
advance of the rhythm from March to September. Such 
an assumption is not reasonable; these results must be 
interpreted in terms of an expression of the tidal rhythm 
corresponding to a phase-advance of the peak of the semi¬ 
lunar rhythm (see Fig. 7c-7f). 

I Iteration of synchrony in autumn 

The unimodal tidal pattern was synchronized with the 
daytime low' tides until September (Fig. 5, A-D). But in 
the latter half of October (Fig. 6A), the synchrony of timing 
was altered from daytime low tides to nighttime low' tides. 
Most midges emerge in synchrony with the low tides at 
night in November (Fig. 6A) and December (Fig. 6B). 
Unlike the winter population (Fig. 4B), the autumnal 
emergence shows no clear bimodal phase (see also Fig. 
9). A feature of the autumnal tidal rhythm is that the 
daytime emergence occurs only for the first several days 
of the fortnightly peak of emergence (i.c., 17-22 October, 
30 October-2 November, and 16-17 November in Fig. 
6A; and 30 November-1 December, and 14-16 December 
in Fig. 6B). 

Seasonal fluctuations in the number of midges 
emerging, semilunar timing, and a seasonal shift 
of the peak 

Figure 7 summarizes the fluctuations in the number of 
flies emerging every day in relation to the lunar cycle. The 
number of collected midges is extremely small in January 
and February (Fig. 7b); but it suddenly increases there¬ 
after. A large number of the midges were collected in 
March and early April (Fig. 7c). In late April and May 
(Fig. 7d), the number of emerging midges decreases. Not 
many midges emerge in June and July (Fig. 7e), and the 
number of midges is very small in August, September 
(Fig. 7f), and early October (Fig. 7g), reaching a maximum 
in November (Fig. 7h). The number of midges emerging 
every day thus fluctuates seasonally with two peaks: one 
in March-April, and another in November. Moreover, 
very few midges emerge in January-February and August- 
September. 

Another feature of seasonal fluctuation is the semilunar 
periodicity. But the peak of this rhythmicity shifts several 
days in relation to the lunar cycle. In February and March 
(Fig. 7b, 7c), it occurs 2-4 days after the full and new 
moon; it just coincides with the days of full moon in April 
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Figure 4. Daily liming of emergence ot Clunio tsushitnensis males in relation lo day-night, udal, and 
lunar cycles. (Left) The record from 28 October to 25 November 1990. Midges were collected using a light 
trap method. The number of midges is plotted vertically on the horizontal lines, which also show the 5-min 
period every 30 min (dot) during which sampling was done. Absence of the horizontal bars indicates no 
sampling. SS and SR represent the times of sunset and sunrise, respectively. 11 If’ and L IF connect the 
respective limes of high tides and low tides at the habitat. Open circle: full moon; black circle: new moon; 
semicircles: the first and last quarters of the moon. The vertical scale indicates 300 midges. (Right) Wide 
left panel: the pattern of emergence in midwinter (the record from 9 January to 22 February 1991). Midges 
were collected by sweeping for 5 min every 30 min. The number of midges is plotted vertically on the 
horizontal line during which the sampling was made. The vertical scale shows 10 midges. LU'l and LW2 
connect the times of low tides at the habitat. Other symbols are as in Figure 4A. Narrow right panel: 
fluctuations in the height of the two low tides, LU'l and LU 2. 


(Fig. 7c, 7d). The peak then advances from the days of 
full and new moon: in June and July (Fig. 7e), it appears 
4 days before the syzygy, and from August to October 
(Fig. 7f, 7g), it advances near the halt moon. The peak is 
again close to the full and new moon from November to 
December (Fig. 7h). 

To examine the relationship between the shift of the 
semilunar peak and the temperature of the habitat, each 
peak of the semilunar rhythm was plotted in relation to 
the seasonal fluctuation of water temperature. As shown 
in Figure 8, the peak (/.<?., the mean of the distribution of 
emerging midges in each semilunar cycle) is represented 
by the days shifted from each full and new moon. The 


water temperature is expressed by the average values of 
15 days at each month. The shift of the peak from the 
days of full and new moon clearly coincides with the fluc¬ 
tuations of water temperature in the habitat, suggesting 
that the phase of the semilunar rhythm is influenced by 
the temperature. 

Discussion 

The emergence of Clunio tsushitnensis imagines has a 
clear tidal rhythm. Moreover, the pattern of synchrony 
changed with season. A bimodal phase appeared in mid¬ 
winter; but the synchrony shifted gradually, during Jan- 
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Figure 5. Daily timing of emergence of Clumo males from late Feb¬ 
ruary to mid-September 1991. Vertical scale: 200 midges. Symbols are 
the same as in Figure 4. (.J) From late February to early April. (B) From 
21 April to 15 May. Vertical scale: 50 midges. (C) From 17 June to 12 
July. Vertical scale: 100 midges. ( D ) From 16 August to 10 September. 
Vertical scale: 100 midges. 
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Figure 6. Daily timing of emergence of Clunio males from mid-October to the end of December 1991. 
Symbols arc the same as in Figure 4. (Left) In autumn (17 October-27 November). The number of emerged 
midges draslically increased from October to November (compare Fig. 7g and 7h), so the figure was separated 
into two panels (horizontal dashed lines) with different vertical scales. The data on emergence in this period 
are shown in duplicate in Figure 9, with the fluctuations of the two low tides (LH 7 and LW2). (Right) From 
27 November to 26 December. Vertical scale: 200 midges. 


uary and February, from morning low tides to afternoon 
low tides, and a unimoda! tidal rhythm in synchrony with 
afternoon low tides appeared in March. This pattern lasted 
until early October. In mid-October, the synchrony shifted 
to the morning low tides. As a result, emergence was ob¬ 
served during the day from spring to autumn, at night in 
early winter, and in both daytime and nighttime in mid¬ 
winter. Therefore, we must ask a question about the 
modulation of the expression of that rhythm: What are 
the factors that induce the expression of the bimodal pat¬ 
tern and that cause one of the two low tides to synchronize 
the timing? 

Relations between the tidal patterns and the phase 
expression of the tidal rhythm 

On most Japanese seacoasts fronting the Pacific Ocean, 
there are two high and two low tides per day, at mean 
intervals of 12.4 h; the amplitude of these tides changes 


with a fortnightly periodicity, resulting in spring and neap 
tides. But the amplitude of these tides on a given day 
varies with season. For example, on 16 January (new 
moon; see Fig. 4B), a tow low tide (+0.09 m) occurs at 
0500. A high high tide (+2.3 m) is followed after 7 h by 
this low tide, which is then followed after 6 h by a high 
low tide (+0.9 m), and further followed after 5 h by a tow 
high tide (+19 m). The height of the two low tides be¬ 
comes similar 6 days after the new moon. Thus, from late 
autumn to winter, a ton low tide always occurs in the 
morning, and a high low tide always occurs in the after¬ 
noon (Figs. 4B, 6B, and 9). In contrast, as shown in Figure 
5. B-D, a low low tide always occurs in the afternoon, 
and a high low tide occurs in the morning during spring 
and summer. 

A similar complex tidal regime is seen on the Pacific 
coast of North America. Enright (1963. 1972) recorded 
the swimming activity of several kinds of crustaceans 
that were freshly collected from the sandy beach of Cali- 
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Figure 7. Semilunar rhythm of emergence of Clunio isushinwnsis males, and the seasonal fluctuation 
of the number emerging e\ery day. The vertical black bars indicate the number collected per day in relation 
to lunar cycles. Open circles: full moon; dark circles: new moon: semicircles: the first and last quarters of 
the moon. Question marks on the horizontal axis indicate days when the sampling was not made. 


fornia. The activity rhythm of the amphipod Svncheii- 
clium sp. was progressively damped as the animal's time 
in the laboratory was prolonged, but it was well defined 
for the first few days after collection. Another feature of 
the activity pattern is that the relative amplitude of its 
peaks reflects the amplitude of the tides occurring at the 


nearby seacoast (Enright, 1963). Similar activity rhythms 
were also recorded from the isopod Exciwlana chiIt on i 
(Enright, 1972). This animal showed a persistent tidal 
rhythm for 2 months under the constant conditions in 
the laboratory. The temporal variation in activity seems 
to parallel predicted changes in the height of high tide. 
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Figure 8. The relationship between the phase of the semilunar rhythm 
and the seasonal change of the mean water temperature at the habitat 
(solid curve). Each peak (black circles) of the semilunar rhythm is in¬ 
dicated as the days of shift from full or new moon (/.£»., ‘zero’ on the 
horizontal axis). The error bars indicate a standard deviation within each 
peak of the semilunar rhythm. The peaks on the right of ‘zero’ show a 
phase-advance of the semilunar rhythm with respect to the syzygy, and 
those on the left of‘zero' show a phase-delay from the syzygy. 


To examine whether the tidal synchrony of the rhythm 
of emergence of C. tsushimensis could be altered by ir¬ 
regularities in the amplitude of the semidiurnal tides in 
the habitat, the water level of low tides was plotted against 
the time of emergence. Through the autumn, as shown 
in Figure 9, the relative heights of the two low tides— i.c. f 
the low low tide and high low tide—vary continuously, 
but cyclically, with an interval of 2 weeks. When the two 
tides were different in amplitude, emergence clearly co¬ 
incided with low low tides alone, which produced the uni- 
modal phase of the tidal rhythm. A bimodal phase ap¬ 
peared for only a few days every fortnight when the heights 
of the low tides were close to equal. 

Similar relations are also seen in December, when 
emergence occurred in synchrony with the low low tides 


(/.<?. the nighttime low tides), causing a unimodal phase 
except a few days around the half moon (Fig. 6B). The 
tidal pattern in January (Fig. 4B) somewhat changes from 
that of October-Deccmbcr (Figs. 6B and 9): while the 
height of the high low tide exceeds 1 m on many days in 
December (Fig. 6B), it is less than 1 m on most days in 
January (Fig. 4B). Therefore, in January, the main part 
of the larval habitat (sec Fig. 3) is exposed to the air two 
times per day, except a few days after the half moon. 1 he 
decrease in height of the high low tide might influence 
the larval habitat, which might have evoked an emergence, 
resulting in bimodal phases during a relatively long period 
in January and February. 

The correlation between the relative difference in the 
tidal heights and phase modality was noticed no later than 
the first 10 days of March; thereafter it was lost. In March, 
for example, the height of both low tides is close to equal 
around the full and new moons, yet far more midges 
emerged in the afternoon than in the morning (Fig. 5A). 
This result cannot be accounted for by a simple synchrony 
w ith low low' tide, or by the exposure of the larval habitat 
to the air at low tides. Day-night cycles must participate 
in the selection of the afternoon low tides. Thus, the syn¬ 
chrony of emergence with the two low tides per day is 
correlated, not only with the relative difference in the 
heights of the tides, but possibly also with the dav-night 
cycle. 

In May, the timing of emergence is again synchronized 
with the lowest of two different low tides, and a unimodal 
phase appears in the daytime (Fig. 5B). During June and 
September (Fig. 5C and 5D), neither of the two low tides 
ebbs less than those of spring. In each case the timing of 
emergence is synchronized with the low low tides, and a 
unimodal tidal rhythm appears. Since the low low tides 
occur in the daytime from the end of April to September, 
the unimodal phase also appears in the daytime. 

The relationship between the low low tides and the 24- 
h day-night cycle is reversed in autumn. As shown in Fig¬ 
ure 9, the low low tides appear in the morning. Emergence 
is synchronized with the low low water, and shows a uni¬ 
modal tidal rhythm. As a result, the phase of this tidal 
rhythm appears in the morning. Moreover, the high low 
tides occur in the afternoon, and do not ebb lower than 
0.8-0.9 m. If the larval habitat is not moved in height 
from that of March (Fig. 3), there are only a few days 
every 2 weeks when the habitat is exposed to the air at 
each low tide (i.e., twice a day). This might have resulted 
in a brief bimodal phase in autumn and early winter (Fig. 
6A and 6B). 

Zeitgeber of Clunio tidal and semilunar rhythm 

Few cyclical environmental factors are known to be 
zeitgebers of tidal rhythms. One such is the cycle of water 
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Time of day Tide height (m) 


18 0 6 12 18 0 0.5 1.0 1.5 



Figure 9. The relationship between the daily timing of emergence 
and the heights, on the same day, of two low tides {L II 7 and LW2). The 
data on emergence are the same as in Figure 6A. To make that relationship 
much clearer than in Figure 6A, the numbers of emerged midges are 
shown as a percentage of the lota! number collected per day. The vertical 
bar shows the scale of 20%. The right panel shows the fluctuation of the 
heights of the two low tides (Ul ’I and LI 17). 

turbulence (Enright, 1965). Cyclical or noncyclical 
changes in hydrostatic pressure also cause behavioral re¬ 
sponses in amphipods (Enright, 1962; Morgan, 1965). 
Hydrostatic pressure fluctuations do not entrain an 'en¬ 
dogenous’ rhythm, but since they coincide with the tidal 
cycles in the field, they could be the zeitgeber of the tidal 
rhythm. But, at least for the swimming activity of intertidal 
isopods, the 24-h day-night cycle does not seem to be a 
zeitgeber of tidal rhythms (Enright, 1963). 

In Clunio emergence rhythm, Neumann (1966, 1976) 
showed that the semilunar timing is entrained by the ar¬ 
tificial moonlight given in the laboratory for 3-4 nights 
every 30 days. According to Neumann’s hypothesis (Neu¬ 
mann, 1976, 1985, 1987), daily timing of emergence is 


controlled by a circadian clock that is entrained by a 24- 
h day-night cycle only. But the phase of the tidal cycle 
differs according to the habitat of animals (e.g. t see Fig. 
9 in Saigusa, 1988). Neumann’s hypothesis cannot explain 
why the phase of the daily emergence rhythm coincides 
with the time of low tide in each larval habitat. Moreover, 
as indicated by this study, the phase of the daily emergence 
cycle was largely shifted through the year, with respect to 
the 24-h day-night cycle. Such a large phase-shift could 
be explained in terms of the tidal rhythm. 

In crab larval release activity (Saigusa, 1986), the 24-h 
day-night cycle causes the phase shift of the tidal rhythm 
with a unimodal phase. Similarly, as shown in other spe¬ 
cies (Saigusa, 1992), this factor also causes the phase shift 
of the bimodal tidal rhythm. Thus, it is clear that the 24- 
h day-night cycle can be one of the zeitgebers of circatidal 
rhythms. 

But it would be impossible that the tidal rhythms are 
entrained by the 24-h dav-night cycle alone; other factors 
correlated with the tidal cycle, such as water turbulence, 
must be considered. Moreover, moonlight cycles in par¬ 
allel with the tidal cycle could be the candidate, although 
the phase angles of these two environmental cycles differ 
according to geographical conditions. Cycles of artificial 
moonlight do entrain the tidal rhythm of larval release in 
an estuarine terrestrial crab; and the phase relations be¬ 
tween the evoked tidal rhythm and the artificial moonlight 
cycle correspond to the phase relations between the time 
of high tide and the moonlight cycle in the habitat of a 
local population (Saigusa, 1988). 

As this study indicates, the timing of emergence is syn¬ 
chronized with the time of low tides and shows a tidal 
rhythm through the year. So we can speculate that among 
the possible zeitgebers of the Clunio tidal rhythm is the 
ebb-flow cycle of the tides, the moonlight cycle, or both. 
In addition, as suggested from the experiments with Clunio 
(Neumann, 1966, 1976) and crabs (Saigusa, 1986, 1992), 
the 24-h day-night cycle could also be the zeitgeber of the 
Clunio isushimensis tidal rhythm. Furthermore, while the 
day-night cycle entrains the tidal rhythm in every season, 
it would be involved in the expression of a unimodal phase 
(see Fig. 5A). 

A problem m understanding tidal rhythms having 
a semilunar c opponent 

Enright (1972) reported endogenous swimming activity 
rhythm of Excirolana ehiltoni inhabiting the sandy 
beaches of the Pacific coast of North America. The tidal 
regime in this habitat includes semidiurnal inequality in 
amplitude. The tidal scheme recurs at double-tidal inter¬ 
vals (/>.. 24.8 h), which further changes at intervals of 2 
weeks. E. ehiltoni shows a persistent circatidal rhythm 
with a lunar component under constant conditions in the 
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laboratory; even under such conditions, activity reflects 
different heights of the tides (see Fig. 1 in Enright, 1972). 
Nevertheless, if the activity were plotted on a 24-h time 
scale, the rhythm would appear to be circadian. 

Similar phenomena occur in Clunio tsushimensis , as 
we have reported here. The tidal rhythm of this animal 
showed a unimodal phase except in January and February. 
Furthermore, this tidal rhythm features a semilunar tim¬ 
ing, with emergence occurring for several days near the 
times of the full and new moon (Fig. 7). From March to 
September, emergence is synchronized with the afternoon 
low tides (Fig. 5A-5D). If the data for these periods are 
plotted against the time of emergence, a daily rhythm 
with a peak at the afternoon appears (c.g., Fig. 10A). On 
the other hand, from November to December, emergence 
occurs at the time of morning low tides (Fig. 6A and 6B). 
Now if the timing is plotted, a daily rhythm appears with 
a peak in the morning (Fig. 10B). 

The emergence of Clunio is concentrated around the 
times of the full and new moon. So, if the data were ar¬ 
ranged as shown in Figure 10, we could not readily de¬ 
termine whether the rhythm that underlies the daily and 
semilunar cycle of emergence is tidally correlated or day- 
night correlated. Yet, as stated repeatedly, the daily timing 
of emergence is not explicable in terms of a circadian 
rhythm or a modified circadian rhythm. It would be a 
tidally correlated rhythm that underlies the expression of 
a semilunar rhythm. Moreover, this rhythm is surely en¬ 
trained by a 24-h, day-night cycle. Nevertheless, there is 
no evidence that the two internal rhythmic systems—cir¬ 
cadian and circatidal rhythms—couple or interact to¬ 
gether, resulting in a semilunar rhythm (Saigusa, 1986, 
1988, 1992). These problems bear on the timing mech¬ 
anism of tidal and semilunar rhythms and require further 
consideration. 

A local population of Clunio tsushimensis 

The systematics of the genus Clunio is not yet settled 
because distinctive morphological features characteristic 
of the various geographical strains are lacking. Within C. 
marinus , which is widely distributed on the European 
coast of the Atlantic Ocean, five races were distinguished 
on the basis of the larval habitat and the timing of emer¬ 
gence (Neumann, 1976). Among these local races, the 
Baltic Sea population was somewhat different from other 
Atlantic populations: it inhabits the sublittoral zone and 
tolerates salinities as low as 4-6 ppt in some areas (Palmen 
and Lindeberg, 1959; Olander and Palmen, 1968). The 
differences in larval habitat and time of emergence tend 
to isolate these populations, even at the site where both 
are simultaneously distributed, so they might be divisible 
into two species ( c.g ., see Heimbach, 1978). 

Distributions of the antennal index, wing index, and 
body length (Fig. 2) all showed a single peak, and there 
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Figure 10 . A pseudo-daily rhythm. (A) The time of emergence re¬ 
corded from 17 June to 2 July 1991. (B) The time of emergence recorded 
from 28 November to 26 December 1991. The vertical axis shows the 
percentage of the midges collected. SR and SS indicate the times of 
sunrise and sunset, respectively. These times shift only a few minutes in 
June, and at most 15 min in December. In this figure, SR and SS show 
the times of sunrise and sunset on 17 June (A) and 28 November (B), 
respectively. See text for details. 


was no difference between the population collected at the 
morning Iow f tides and that collected at the afternoon low 
tides. This suggests that the midge Clunio inhabiting the 
seacoast of the Inland Sea is a single species. But which 
species? To determine whether the collected specimens 
are C tsushimensis or C. aquilonius , the data in Figure 
2 were compared with those obtained by Hashimoto 
(1968, 1969) in the Izu Peninsula, Shizuoka Prefecture. 
The antennal index (AI) of the individuals collected in 
March (Fig. 2A) was between 0.60 and 1.12, and the mean 
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was 0.84, intermediate between the Izu populations of C. 
tsushimensis (mean 1.12) and C. aquiloniiis (mean 0.62) 
collected in the same month. Moreover, the wing index 
(Wl) of the Inland Sea species (Fig. 2B) ranged from 0.40 
to 0.56, about ihe same as the mean for both C. tsushi¬ 
mensis and C. aquiloniiis at the lzu Peninsula. 1 he body 
length (Fig. 2C) was between 2.00 and 3.10 mm (mean 
2.40 mm), much larger than forC. tsushimensis from lzu 
collected during the same month (1.4-2.4 mm; mean 
about 1.8 mm). In summary, none of these indices could 
provide a positive identification of either C. tsushimensis 
or C aquiloniiis at our observation site. 

In the marine midges studied by Hashimoto (1969, 
1976), the A1 fluctuates with the season, with a minimum 
in early spring, a maximum in late summer, and no over¬ 
lap between C. tsushimensis and C. aquiloniiis in any 
season; that is, whereas the A1 (mean) of C. aquiloniiis 
varied from 0.6 in winter to 0.75 in summer, that (mean) 
of C. tsushimensis varied from 1.05 in winter to 1.4 in 
summer (see Fig. 7 in Flashimoto, 1969). The body length 
was also closely correlated with the annual change of water 
temperature (Hashimoto, 1976). Now, the atmospheric 
and water temperatures on the coast of the Inland Sea are 
5-6°C lower in winter and spring than those on the lzu 
Peninsula. We therefore speculate that the decreased A1 
and increased body length are due to the temperature 
differential between the two larval habitats. Hence, we 
conclude that the species reported here is a local popu¬ 
lation of C. tsushimensis, and not a new species. 
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